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The ability of plants to grow and prosper in contaminated soils of contrasting properties
is intriguing yet enigmatic.  Aquatic plants, such as those within wetlands, have in particular
been recognized for their ability to sequester trace element contaminants [1].  Identification of
direct mechanisms involved in plant accumulation and tolerance is essential not only for
discerning physiological adaptations by plants to metal contaminated soils but also for exploiting
specific plant attributes to maximize efficiency in metal binding.  Furthermore, the specific
binding mechanisms of trace elements within plants has important implications for the
delineation of potential bioavailability and/or release of toxins upon changing physicochemical
conditions within aquatic environments.  While accumulation of metals in the shoots of plants
has been explored extensively [2], the role of plant roots is ill defined despite their ability to
sequester toxins at high levels.  Iron (hydr)oxide coatings, or plaque, formed on plant roots are
suspected to directly hinder the uptake and translocation of phytotoxins [3];  however, the direct
mechanisms of metal immobilization have yet to be determined.  Moreover, manganese has been
given only cursory attention although it is a ubiquitous, redox sensitive element that forms
reactive (hydr)oxides as well.  Here we describe the critical and unforeseen role of manganese in
contaminant attenuation and cycling within aquatic plants.  The formation of discrete manganese
oxide nodules on root surfaces of aquatic plants, which subsequently induced local sequestration
of zinc (an acute toxin of aquatic organisms), was revealed using x-ray microprobe analysis.

The novel technology of phytoremediation has prompted countless studies to determine
optimal species for maximal accumulation [4], chemical modifications to improve accumulation
and translocation [5] and, most recently, the mechanisms allowing for this phenomenon [6-7].
Due in part to the modern emergence of synchrotron radiation techniques (e.g., x-ray absorption
fine structure spectroscopy), metal speciation in plant biomass is currently being ascertained [7].
Recent studies, however, focus on aerial portions of plant-metal complexation yet contaminant
concentrations in the roots are generally several fold higher.  Accordingly, our research focuses
on the mechanisms underlying the sequestration of toxins within the rhizosphere of aquatic
plants.

A number of grass species (e.g., reed canarygrass) have demonstrated tolerance and
accumulation of heavy metals [8].  Phalaris arundinacea L. (reed canarygrass) belongs to the
grass family and is indigenous to aquatic environments.  Accordingly, reed canarygrass samples
underwent acid digestions, which revealed extensive concentrations of metals and metalloids
including As, Fe, Mn, Pb and Zn.  Consistent with previous investigations, concentrations of
trace elements (As, Pb, Zn) in the plant roots are several fold higher than in shoots.  Root tissue
concentrations for As, Fe, Mn, Pb and Zn are 96.2, 15100, 1500, 892, and 1050-mg kg-1,
respectively.  Scanning electron microscopy (SEM) discloses the extensive nature of a plaque on
the exterior of the grass roots (data not shown).  Coatings exist predominantly as casts or fillings
in cavities of the epidermal cells, which are composed predominantly of Fe with lesser amounts
of As, Mn, Pb and Zn.



A cross-sectional map from the interior of the root through the epidermis and plaque was
constructed for manganese and zinc using a synchrotron based x-ray microprobe (Fig. 1). Scans

Figure 1.  Microprobe map of Mn and Zn concentration distributions on and within grass roots.  White line
represents the root epidermis and relative elemental concentrations increase with color brightness. (A) Spatial
distribution of Mn along a transect from root center to exterior of plaque.  (B) Spatial distribution of Zn along the
same transect as that for Mn.

were performed on beamline 10.3.2 at the Lawrence Berkeley National Laboratory Advanced
Light Source (LBNL-ALS).  The scan covers a 250 x 250-µm section of the root with data
collection at 5-µm increments.  The two elements were mapped simultaneously along the same
transect such that direct spatial associations and distributions were ascertained.  The distribution
of Mn is concentrated in discrete oxidized zones on the exterior of the epidermis.  Concentrations
of Mn diminish in areas adjacent to these zones and are negligible in the interior of the root. The
spatial distribution of Zn on grass roots corresponds remarkably with the distribution patterns for
Mn.  Zinc concentrations are elevated at the discrete sites of Mn deposition, while concentrations
decrease elsewhere.  Concentrations of Zn and Mn are strongly correlated aside from the interior
cell wall where Zn concentrations are slightly higher.

The morphology of the Mn-Zn precipitate on the plant root is analogous to that of
seafloor ferromanganese nodules.  Nodules have been discovered in a variety of environments
including marine and freshwater systems, soils, desert varnish and streambeds [9].  Seafloor
ferromanganese nodule formation is initiated by precipitation of a hydrated iron oxide on a
nucleating agent (pumice, rocks, glass, clays) followed by cyclic deposition of Mn oxides [10].
Structural similarities between iron and manganese (hydr)oxides, such as ferrihydrite and
birnessite, make them amenable to epitaxial growth thus allowing for nodule formation and
oscillatory intergrowths of Fe and Mn bearing minerals.  The specific and high affinity of
birnessite for contaminants such as cadmium and zinc is well documented [11].  Zinc, although



an essential micronutrient to most biota, is a ubiquitous contaminant and toxic when present at
excessive levels.  Similarly, as a result of radial oxygen diffusion, plant roots serve as nucleating
agents for the deposition of a hydrated iron hydroxide plaque, which subsequently provides a
reactive substrate for manganese oxidation and precipitation.  Consequently, discrete manganese
nodules are produced on the root surface by way of epitaxial growth and auto-catalysis and may
then provide a surface for attenuation of toxins such as zinc.

In conclusion, our research introduces and elucidates an unprecedented process behind
the unique ability of aquatic plants to accumulate trace elements.  A crucial and unforeseen
mechanism underlying this phenomenon involves the formation of manganese nodules on the
root epidermis and subsequent sequestration of zinc.  Accordingly, the expansive distribution of
ferromanganese nodules may now be augmented to include microscopic, and perhaps
macroscopic, nodules on the epidermis of plant roots.  Additionally, the ability for plant roots to
serve as nucleating agents for hydroxide precipitation and nodule formation, as well as
contaminant sequestration, has been introduced.  Therefore, contrary to current belief [12], Zn
attenuation on plant roots may be predominantly due to specific adsorption on to Mn oxide
nodules rather than adsorption onto Fe oxides.
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